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Abstract 
The role of extracellular nucleotides and nucleosides as signaling molecules in cell-to-cell 
communication has now been clearly established. This is particularly true in the central and peripheral 
nervous system, where purines and pyrimidines are involved in both physiological and pathological 
interactions between neurons and surrounding glial cells. It can be thus foreseen that the purinergic 
system could represent a new potential target for the development of effective analgesics, also through 
the normalization of neuronal functions and the inhibition of glial cell activation. Research in the last 
15 years has progressively confirmed this hypothesis, but no purinergic-based analgesics have reach 
the market so far; in the present review we have collected the more recent discoveries on the role of 
G protein-coupled P2Y nucleotide and of adenosine receptors expressed by both neurons and glial 
cells under painful conditions, and we have highlighted some of the challenges that must be faced to 
translate basic and preclinical studies to clinics. 
 
Keywords 
Adenosine; extracellular nucleotides; G protein-coupled receptors; glial cells; pain  
 
Highlights 
- P2Y and adenosine receptors are expressed by glia and neurons along pain pathways in the 
brain and periphery 
- Each receptor subtype plays peculiar, often opposite, roles in pain transmission 
- Interesting pharmacological targets have been identified, but their clinical exploitation is still 
in its infancy 
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2MeSADP: 2 Methylthioadenosine triphosphate; 5-HT: 5-hydroxytryptamine (serotonin); ADP: 
adenosine diphosphate; AMP: adenosine monophosphate; ATP: adenosine triphosphate; BDNF: 
brain-derived neurotrophic factor; CB2: cannabinoid receptor type 2; CCL2: C-C Motif Chemokine 
Ligand 2; CCR5: C-C chemokine receptor type 5; CD: cluster of differentiation; CFA: complete 
Freund’s adjuvant; CGRP: calcitonin gene-related peptide; CNS: central nervous system; COX: 
cyclooxygenase; CPA: cyclo-pentyl-adenosine; CSF1: colony-stimulating factor 1; CX3CR1: CX3C 
chemokine receptor 1; CXCL13: C-X-C motif ligand 13; Cx43: connexin 43; ddC: 2',3'-
dideoxycytidine; DPCPX: 8-cyclopentyl-1,3-dipropyl-xanthine; DRG: dorsal root ganglia; GFAP: 
glial fibrillary acidic protein; gp120: glycoprotein 120; HIF-1α: hypoxia-inducible factor 1α; Iba1: 
ionized calcium-binding adapter molecule 1; IBD: inflammatory bowel disease; IBS: irritable bowel 
syndrome; IL: interleukin; LPS: lipopolysaccharides; MAPK: mitogen-activated protein kinase; PAP: 
prostatic acid phosphatase; PNS: peripheral nervous system; SGCs: satellite glial cells; SGK-1: 
serum/glucocorticoid regulated kinase 1; shRNA: short hairpin RNA; SP: substance P; TG: trigeminal 
ganglia; TNF: tumor necrosis factor; TRPV1: transient receptor potential vanilloid 1; TSC: Tianshu 
capsule; TSP4: thrombospondin-4; UTP: uridine-5'-triphosphate 
 
Contents  
1. The contribution of different cells types to pain transmission: focus on the purinergic system 
2. Adenosine and P2Y receptors in neuropathic pain: modulating glial cell reaction to nerve 
injury. 
2.1. Microglia purinergic equipment driving neuropathic pain 
2.2. Contribution of spinal astrocytes to neuropathic pain: a role for the purinergic 
system? 
2.3. The neuronal side of purinergic signaling in neuropathic pain 
2.4. Do oligodendrocytes contribute to neuropathic pain? 
2.5. Glial cells in sensory ganglia as direct modulators of neuronal firing also through 
purinergic signaling 
 
3. Adenosine and P2Y receptors in inflammatory pain and in migraine 
4. Adenosine and P2Y receptors in visceral pain 
5. When will a purinergic-based drug reach the market as innovative painkiller? 
 
1. The contribution of different cell types to pain transmission: focus on the purinergic system 
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In the last decades the purinergic system has clearly emerged as one of the most important 
signaling system in the whole body and, in particular, in the central and peripheral nervous systems 
(CNS and the PNS, respectively) under both physiological and pathological conditions, including 
pain. In fact, both neurons and glial cells can modulate pain transmission by releasing pro- or anti-
nociceptive mediators, among which a major role is played by ATP and other nucleotides, which bind 
to either fast ligand-operated P2X channels or to slowly-acting specific G-protein coupled receptors, 
the P2Y receptor family widely expressed throughout the body (Magni and Ceruti, 2013). 
The extracellular receptor-mediated actions of adenosine have been discovered well before 
those exerted by extracellular nucleotides, starting from its actions in the cardiovascular system up to 
every district and cell types of the body (Borea et al., 2018). Nevertheless, its role has been long 
referred to as simple “neuromodulator” since it is not stored in vesicles as such, but it represents the 
end product of the hydrolysis of nucleotides. Moreover, its actions are often opposite to those exerted 
by ATP and other nucleotides; in most cases in the CNS, ATP is excitatory while adenosine is 
inhibitory on neuronal firing. This has led to the idea that adenosine has the only task to 
counterbalance and “switch off” nucleotide-mediated actions (Chen et al., 2013). This view has been 
progressively extended and integrated, with the discovery and cloning of 4 G protein-coupled receptor 
subtypes selectively activated by adenosine and widely distributed in all tissues and cells of the body 
(for an extensive review on the state-of-art in adenosine pharmacology please refer to Borea et al., 
2018).  
Although it is still true that adenosine often plays a compensatory role against nucleotide-
mediated activities, also thanks to the delayed raise of its concentrations, it has now emerged that 
adenosine receptor plays fundamental roles in many physiological and pathological conditions. This 
is particularly true in pathologies where the local extracellular concentrations of nucleotides rise 
several folds, such as tissue damage, hypoxia, but also increased neuronal firing as in epilepsy or 
during chronic pain (Figure 1; Chen et al., 2013). 
In the last decade, the hypothesis that non-neuronal cells, including immune cells 
(macrophages and lymphocytes) and glial cells, play an important role in the generation and 
maintenance of painful sensation besides neurons has become a matter of fact. Indeed, although 
several painful conditions are undoubtedly of neuronal origin due to sensitization and increased 
neuronal firing, the contribution of surrounding glial cells is fundamental to the development and 
maintenance of the pathologic phenotype, especially concerning the transition from acute to chronic 
pain. In fact, the classical “neuron-centric” view of pain has progressively moved to a more integrated 
approach in which glial cells equal neurons in painful networks (Ji et al., 2013), suggesting that the 
pharmacological modulation of their reactivity could represent an innovative analgesic strategy. 
 4 
In particular, under pain conditions, neuronal sensitization leads to increased release of 
neurotransmitters and neuromodulators, which act paracrinally on glial cells. Glial cells, in turn, 
respond to these stimuli by releasing a variety of signals that could further expand and sustain 
neuronal sensitization through the so-called “maladaptive plasticity”. In fact, one of the main features 
of the CNS is its ability to be modified by both external and internal stimuli; plasticity of synapses is 
at the basis of the learning and memory processes and it also involves the contribution of glial cells 
(Chung et al., 2015). On the other hand, prolonged and pathological changes in the connections within 
brain areas lead to the disruption of functions which may be considered a disease itself, leading to 
both functional and structural permanent modifications. In the case of pain transmission, maladaptive 
plasticity can occur in the periphery (with the development of ectopic spontaneous activity of 
nociceptors and peripheral sensitization), and at both the spinal and supraspinal levels, with 
modifications of the balance between nociceptive and anti-nociceptive transmission (May, 2008). 
Glial cells are at the front row in driving these changes, as demonstrated by their permanent activation 
not only in animal models of chronic pain, but also in chronic pain patients (Loggia et al., 2015). 
After nerve injury, the interaction between neurons and activated glial cells induces maladaptive 
synaptic reorganization and activates intracellular signaling events that permanently contribute to 
enhance neuropathic pain. (Gwak et al., 2017). 
The main non-neuronal actors in the CNS are microglial cells, the resident macrophages of 
the spinal cord and brain, which become rapidly activated in response to even minor pathological 
changes (Grace et al., 2014), and astrocytes that, after nerve injury, lose their ability to maintain the 
homeostatic concentrations of extracellular potassium and glutamate, leading to neuronal 
hyperexcitability (Ji et al., 2013). The extension of microglial and astrocytic processes into and near 
the synaptic space accounts for their ability to induce alterations to thousands of synapses, resulting 
in extensively altered neural networks. Moreover, the interaction between presynaptic and 
postsynaptic neuronal structures, with the contributions of activated microglia and astrocytes and, 
likely, of oligodendrocytes, facilitates the transmission of pain-mediating substances produced by 
activated glial cells. Finally, in the PNS, a fundamental role in controlling neuronal firing is played 
by satellite glial cells (SGCs) which ensheath the somata of primary sensory neurons within sensory 
ganglia and by infiltrating macrophages which populate ganglia (see below for details). 
Based on literature evidence, the existence of a bidirectional signaling between neurons and 
glial cells, both in the CNS and in sensory ganglia, which is responsible of the initiation and 
maintenance of chronic pain conditions has now been ascertained. Its pharmacological modulation 
could therefore represent a new and more effective approach to chronic painful conditions with 
respect to currently available drugs which mostly target neurons. The discovery that drugs already 
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utilized in therapy (such as the antibiotic minocycline or the anti-asthmatic agent Ibudilast; Grace et 
al., 2014) also act as general glial cell modulators has paved the way towards drug repurposing in the 
field of pain management (see also Conclusions). In parallel, research is focusing on the 
comprehensive understanding of the whole network of molecules involved in cell-to-cell 
communication in pain, with the aim of identifying new potentially “druggable” targets. 
Multiple adenosine and P2Y receptors are expressed by all the different cell types involved in 
pain transmission. Current knowledge is summarized in Figure 2, but the scenario is far from being 
complete as new pharmacological and biochemical tools become available. 
In the last five years we and others have published many extensive reviews on the role of the 
purinegic system in controlling pain signaling (see for example Magni and Ceruti, 2013; 2014; 
Sawynok, 2016; Burnstock, 2017; Magni et al., 2018). Thus, in the next sections we shall focus on 
the more recent advances on the role of G protein-coupled P2Y nucleotide receptors and of P1 
adenosine receptors expressed by various cell types in modulating pain transmission with the aim of 
identifying the most relevant pharmacological targets to be further exploited in clinics. Updates on 
the contribution of ionotropic P2X nucleotide receptors in pain are provided elsewhere in this issue. 
 
2. Adenosine and P2Y receptors in neuropathic pain: modulating glial cell reaction to nerve 
injury. 
 
2.1 Microglia purinergic equipment driving neuropathic pain 
Spinal cord microglia have been strongly implicated in the pathogenesis of neuropathic pain. 
In particular, after peripheral nerve injury a marked proliferation and activation of microglia has been 
observed, in parallel with the up-regulation of the typical markers Iba1 and CD11b (Suter, 2016). 
Different mediators participate in microglia-neuron crosstalk during pain conditions, including ATP, 
colony-stimulating factor-1 (CSF1), proteases (e.g. cathepsin S), caspase-6 and chemokines (e.g. 
CCL2 and fractalkine), which derive from the central terminals of dorsal root ganglia (DRG) primary 
sensory neurons (Zhang et al., 2017; Figure 3). 
In parallel, the expression of microglial purinergic receptors for nucleotides (in particular 
P2X4, P2X7 and P2Y12) and fractalkine receptor CX3CR1 is increased (Beggs et al., 2012; Clark & 
Malcangio, 2014). In turn, their activation results in an intracellular signaling cascade involving the 
phosphorylation of p38 MAP kinase, which drives the synthesis and release of TNF-α, IL-1β, IL-18, 
and BDNF, and in the increased expression of cyclooxygenase (COX) and subsequent synthesis of 
prostaglandin E2 (Ji et al., 2016). All these neuromodulators regulate the balance between excitatory 
and inhibitory synapses within the spinal cord, triggering pain signal transmission to the brain. 
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Interestingly, it has been recently demonstrated that, although nerve injury results in spinal microglia 
activation in both sexes, pharmacological or genetic interference with microglial cell functions 
reduces allodynia in male mice only (Sorge et al., 2015), and purinergic P2X4 receptors seem to be 
mainly involved in this sexually dimorphic pain transmission (Mapplebeck et al., 2018; see also “P2X 
receptors in pain” in this issue). 
In a similar way to inflammatory pain, an overall anti-algogenic role for adenosine A1 receptor 
subtype in neuropathic pain emerges from literature data (for review, see Magni et al., 2018). Apart 
from its known inhibitory role on neuronal transmission, thanks to the coupling to potassium channels 
in neurons, which was long considered as the main mechanism to explain the analgesic activity of A1 
receptor agonists (Varani et al., 2017), a clear-cut demonstration of the involvement of this receptor 
subtype in pain transmission came from the discovery of its expression on activated microglia cells 
following induction of neuropathic pain (Luongo et al., 2014). Moreover, the administration of a new 
A1-selective agonist, named 5’-chloro-5’-deoxy-(±)-ENBA, led to reduced microglia activation and 
inhibited its ability to sensitize sensory neurons (Luongo et al., 2012). This suggests that A1 receptor 
upregulation on microglia represents an attempt to reduce the development of pain following injury 
and adds this receptor subtype to the growing number of microglia purinergic receptors which 
represent possible targets for the development of centrally-active analgesics. 
In this respect, the leading role as purinergic receptors expressed by central microglia involved 
in pain transmission is entrusted to the P2Y12 and P2Y6 subtypes.  
P2Y12 receptors on microglia are a primary site at which nucleotides act to induce chemotaxis 
of microglial processes during the initial phases of pain transmission (Haynes et al., 2006), leading 
to increased neuronal sensitization and persistent pain. P2Y12 is known to deeply influence microglial 
dynamics in vivo: the receptor is highly and preferentially expressed in ramified resting microglia, 
and undergoes rapid downregulation following the initiation of inflammation, indicating that it 
primarily acts during rapid responses to perturbations of brain homeostasis (Sipe et al., 2016). 
Moreover, mice lacking P2Y12 receptors show reduced spinal microglial proliferation after spinal 
nerve injury and reduced neuropathic pain compared to wild type mice (Gu et al., 2016).  
Recently, it has been shown that dorsal horn spinal cord microglia contribute to cannabinoid 
CB2 receptor-mediated analgesia, and activation of CB2 receptor reduces the expression of P2Y12 
and P2Y13 receptors in rats subjected to neuropathic pain (Niu et al., 2017). The latter nucleotide 
receptor subtype, which shares many structural and pharmacological properties with P2Y12 (for 
example they are both activated by ADP; Alexander et al., 2017) has been long neglected in the 
evaluation of purinergic contribution to neuropathic pain. Nevertheless, P2Y13 receptors have been 
found upregulated in spinal microglia following nerve injury (Kobayashi et al., 2012), via 
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RhoA/ROCK protein pathway (Tatsumi et al., 2015), and in diabetes-related neuropathic pain leading 
to mechanical allodynia with receptor activation linked to increased expression of IL-1β and IL-6 
(Zhou et al., 2018). 
It is also worth mentioning that the intrathecal administration of non-selective P2Y1,12,13 
receptor agonists, namely ADPbS and 2meSADP, was able to induce neuropathic pain and increased 
thermal and mechanical sensitivity in naïve rats (Tatsumi et al., 2015; Niu et al., 2017; Sugawara et 
al., 2017). This suggests that the upregulation of spinal cord P2Y receptor expression which is 
detected after nerve injury is not necessary to trigger pain and that basally expressed receptors are 
involved as well. 
Together with the P2Y12 receptor subtype, P2Y6 receptors are mainly known for their role in 
the regulation of CNS microglial cell functions, namely phagocytosis (Xu et al., 2016). Concerning 
the role of this receptor in pain transmission, authors have described both pro-algogenic and analgesic 
actions (reviewed in Magni et al., 2018). A very recent paper seems to point to pro-algogenic effects 
for this receptor, since the intrathecal administration of a selective P2Y6 antagonist reduced both 
thermal hyperalgesia and mechanical allodynia in rats exposed to chronic constriction injury of the 
sciatic nerve, with a parallel decrease of microglia activation (Huang et al., 2018). 
Recently, the involvement of P2Y2 receptor subtype on microglia in neuropathic pain has also 
been demonstrated. Authors evaluated the role of intrathecal administration of ulinastatin, a serine 
protease inhibitor with anti-inflammatory and neuroprotective effects which is already on the market 
in Far East countries (i.e., Japan, India, South Korea and China), in a rat model of sciatic nerve 
ligation. Results show that increased expression of P2Y2 receptors is involved in microglia activation 
after nerve injury. Administration of ulinastatin: i) prevented the development of mechanical 
allodynia and thermal hypersensitivity; ii) reduced the level of extracellular ATP; iii) down-regulated 
P2Y2 receptors, and iv) inhibited microglia activation in the dorsal horn of the spinal cord (Shi et al., 
2017). These data confirm the crucial role played by P2Y2 receptors in modulating glial cell activation 
both in the CNS and PNS and pave the way for the use of ulinastatin in the management of 
neuropathic pain. 
 
2.2 Contribution of spinal astrocytes to neuropathic pain: a role for the purinergic system?  
At variance with microglial cells, astrocyte activation in chronic pain conditions is more 
persistent, indicating their major contribution to the chronicization of pain (Ji et al., 2013). Astrocytes 
activation following nerve injury is characterized by changes in morphology, increased expression of 
glial fibrillary acidic protein (GFAP), proliferation and secretion of pro-inflammatory molecules and 
growth factors (Jensen et al., 2013). The released factors exert both autocrine and paracrine actions, 
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thus further sustaining astrocytic reactivity and increase neuronal sensitization (Skaper et al., 2016). 
In particular, astrocytes can directly communicate with neurons via gap junctions, and nerve injury 
induces the up-regulation of connexin-43 (Cx43) in astrocytes, followed by a switch of Cx43 function 
from gap junction communication to paracrine modulation. The latter sustains late-phase neuropathic 
pain through the release of astrocytic chemokines, together with increased release of glutamate and 
ATP, which potentiate excitatory synaptic transmission (Chen et al., 2014). These mediators 
contribute to facilitate neuropathic pain induction and maintenance via bidirectional neuron-astrocyte 
interactions. For example, a recent study showed that the chemokine CXCL13 is up-regulated in 
spinal cord neurons after nerve injury, and can in turn activate astrocytes via CCR5 receptor, 
contributing to maintain chronic neuropathic pain (Jiang et al., 2016). Nerve injury also induces 
astrocytes to up-regulate thrombospondin-4 (TSP4) protein, which contributes to sustain neuropathic 
pain through the formation of new synapses (Kim et al., 2012). 
Astrocytes have been the first brain cell population where expression and function of A3 
adenosine receptors has been demonstrated (Abbracchio et al., 1997). In the last five years, the notion 
that this receptor subtype is an innovative target for the control of pain has emerged, also thanks to 
the availability of selective pharmacological entities, namely the old IB-MECA and chloro-IB-MECA 
agonists and new more selective and potent compounds (Janes et al., 2016; for review, see Magni et 
al., 2018). This receptor subtype is expressed not only by astrocytes, but also by neurons and immune 
cells, which all contributes to the overall analgesic effect of agonists, thus highlighting the complex 
modulation of the cell-to-cell cross-talk driving chronic pain (Janes et al., 2016). Interestingly, 
dysregulation of A3 adenosine receptor recruitment is at the basis of chemotherapy-induced pain. In 
fact, oxaliplatin administration induces the expression of adenosine kinase in astrocytes, which 
contributes to the reduction of extracellular adenosine concentrations by promoting its 
phosphorylation to AMP. This in turn limits the activation of analgesic A3 receptors and promotes 
the generation of a pro-inflammatory and pro-algogenic milieu, which is reversed by the intrathecal 
administration of selective A3 agonists (Wahlman et al., 2018). These recent data strongly support 
the further development of selective A3 receptor agonists for different types of chronic neuropathic 
pain syndromes, which could be accelerated by already ongoing clinical development for different 
indications (see below). 
A pathological and bidirectional astrocyte/microglia cross-talk has been also demonstrated in 
several brain pathologies. Activated microglia can promote the appearance of a neurotoxic 
subpopulation of astrocytes, the so-called A1 astrocytes (Liddelow et al., 2017), with the generation 
of a highly pro-inflammatory and detrimental milieu. Reactive astrocytes in turn release a vast variety 
of pro-inflammatory mediators which further contribute to the activation of microglia cells and to its 
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polarization towards a so-called pro-inflammatory M1 phenotype (Zhang et al., 2017; Figure 3). ATP 
and its derivatives play a crucial role as signals in this pathological communication. The P2Y14 
receptor subtype, the only officially-recognized P2Y purinergic receptor activated by uridine sugars 
(i.e. UDP-glucose and UDP-galactose) which is expressed by leukocytes and promotes neutrophil 
chemotaxis (Lazarowski et al., 2015), has been found upregulated in spinal microglia after peripheral 
nerve injury (Kobayashi et al., 2012). The demonstration that its activation on microglia cells reduced 
the proliferation of astrocytoma cells in in vitro cocultures (Curet & Watters, 2018) suggests that it 
may represent an additional member of the purinergic network controlling astrocyte-to-microglia 
communication in the brain in pathological conditions, possibly including pain. 
The cross-talk between these two glial cell types is also responsible for the diurnal 
exacerbation of mechanical allodynia, a highly invalidating condition that affects patients suffering 
from several types of pain and the P2Y12 receptor has a major role in it. It is in fact well known that 
pain comes in waves during the day, and day-night changes in symptoms have been observed in 
patients with cancer, diabetic neuropathy, fibromyalgia and multiple sclerosis (Koyanagi et al., 2016). 
In the search of the underlying mechanisms, researchers have demonstrated in a rat model of 
neuropathic pain (partial sciatic nerve ligation) that diurnal exacerbation of pain is directly connected 
to the circadian variations in glucocorticoid release from the adrenal gland. Glucocorticoids activate 
the serum- and glucocorticoid-inducible kinase-1 (SGK-1) in spinal astrocytes, which in turn 
promotes the release of ATP through pannexin hemichannels. The hydrolysis of ATP leads to 
increased ADP concentrations which activate P2Y12 receptors on surrounding microglia leading to 
exacerbation of mechanical allodynia (Koyanagi et al., 2016). Targeting P2Y12 receptors could 
therefore prove useful in limiting the worsening of symptoms in pain patients. 
Interestingly, P2Y1-mediated proliferation of astrocytes is inhibited by the concomitant 
presence of microglia expressing the P2Y13 receptor subtype in co-cultures in vitro (Quintas et al., 
2018). Based on the emerging role of astrocytic P2Y1 receptors in driving their transition towards an 
activated, detrimental phenotype (Shinozaki et al., 2017), data suggest that microglia could contribute 
to the modulation of astrocytic reactivity also through the P2Y13 receptor subtype. 
 
2.3 The neuronal side of purinergic signaling in neuropathic pain 
Several adenosine and P2Y receptors are expressed and functional on sensory neurons; 
adenosine A1 receptors are generally coupled to K+ channels, and can therefore limit neuronal firing 
(Borea et al., 2018), whereas generation of Ca++ waves after activation of various P2Y nucleotide 
receptors has been demonstrated (Ceruti et al., 2008). Nevertheless, the overall pro- or anti-algogenic 
role exerted by each receptor subtype has not been clearly established, often due to the difficulties in 
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discriminating between a neuronal and/or a glial site of action in vivo. For example, in a rat model of 
neuropathic pain associated to spinal cord injury, named the spinal neuropathic avulsion pain (which 
allows the unilateral generation of allodynia without overt motor deficits, paralysis and other health 
problems; Kwilasz et al., 2018), one single intrathecal injection of the A2A agonist 2-p-(2-
carboxyethyl-phenethylamino-5′-N-ethylcarboxamido-adenosine (CGS21680) was able to abolish 
mechanical allodynia for up to six weeks. This was paralleled by a reduction of signs of inflammation 
which represent the driving force for deficits and problems arising from the second chronic phase of 
tissue damage following spinal cord injury (Kwilasz et al., 2018). Since inhibition rather than 
activation of A2A receptors has proved beneficial in migraine pain (see below), the different sites of 
action and/or the different types of pain syndrome could represent a possible explanation for the 
opposite effects exerted by this receptor subtype, which add further complexity to an already quite 
complicated scenario when developing new analgesic strategies. 
Expression of the P2Y11 receptor subtype has been described in sensory neurons in rodents, 
but its participation in pain is still scarcely understood. P2Y11 receptors inhibition reduces tactile 
allodynia in both neuropathic (Barragán-Iglesias et al., 2014) and formalin-induced pain models 
(Barragán-Iglesias et al., 2015), but the existence of a rodent ortholog of human P2Y11 receptors is 
still a matter of debate, since no cloned receptor but only functional data are currently available. 
Not only receptors, but also enzymes controlling the complex bidirectional interconversion 
between nucleotides and nucleosides are involved in pain transmission. As mentioned before, 
adenosine is not released from nerve terminals per se, but it is likely generated extracellularly through 
the action of various enzymes, mostly ectonucleoside triphosphate diphosphohydrolase (CD39) and 
ecto-5-nucleotidase (CD73; Borea et al., 2018). Prostatic acid phosphatase (PAP) is one of the less 
studied nucleotide-hydrolyzing enzymes; it is expressed by small diameter nociceptors and 
hydrolyzes AMP to Ado. Interestingly, PAP-/- animals show a higher nerve injury-associated pain, 
similarly to A1 adenosine receptor KO mice which show increased nociceptor response (Wu et al., 
2005). In a mouse model of neuropathic pain, where small-diameter sensory nerves are selectively 
depleted by resiniferatoxin (a capsaicin analogue that acts on TRPV1 receptors) animals showed 
downregulation of PAP expression leading to increased AMP and reduced adenosine generation (Kan 
et al., 2018). The exogenous administration of either PAP or adenosine reversed mechanical 
allodynia, and this effect was inhibited by the A1-receptor antagonist dipropyl-cyclopentylxanthine 
(DPCPX; Kan et al., 2018). Taken together, these results demonstrate that an imbalance in adenosine-
mediated signaling, which can act autocrinally on sensory neurons and/or paracrinally on surrounding 
cells contributes to the development of neuropathic pain. 
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2.4 Do oligodendrocytes contribute to neuropathic pain? 
Although no direct studies have been performed up to now, a possible role for 
oligodendrocytes in pain transmission can be speculated based on recent evidence demonstrating that 
myelination of axons is dynamically modulated by both vescicular and non-vescicular axo-glial 
communication. Increased neuronal firing leads to increased release of neurotransmitters at the so-
called axo-glial signaling complex, which in turn promotes the synthesis of myelin proteins (Fields, 
2015). Since it is known that alterations in myelin structure are at the basis of peripheral neuropathies 
and neuropathic pain (Veronica et al., 2016), it is tempting to speculate that the cross-talk between 
firing axons and oligodendrocytes could represent an interesting target to be further exploited to 
manage neuropathic pain. Glutamate has been directly involved in this effect, but it cannot be 
excluded that other neuro-and co-transmitters (such as ATP) can contribute. 
 
2.5 Glial cells in sensory ganglia as direct modulators of neuronal firing also through purinergic 
signaling 
Concerning the PNS, research in the last two decades has demonstrated that sensory ganglia 
(i.e. DRGs, and trigeminal ganglia, TG) are important sites in processing pain information. Sensory 
neurons express different receptors for neurotransmitters and hormones and can also release a variety 
of mediators, including glutamate, ATP, substance P (SP), and CGRP (Figure 4; Hanani, 2015). 
Under painful conditions, satellite glial cells (SGCs), the peculiar glia population in sensory ganglia, 
become activated before central glia and contribute to the release of additional inflammatory 
mediators, thus sensitizing neuronal bodies. In particular, following nerve injury, SGCs undergo an 
increased expression and release of pro-algogenic mediators including IL-1β	and TNF-α, as well as 
an increased gap junction-mediated coupling (Magni and Ceruti, 2014; Figure 4). 
Moreover, during pain conditions, SGCs upregulate the expression of GFAP and undergo cell 
division (Magni et al., 2015; Donegan et al., 2013), Intriguingly, a subpopulation of SGCs acts as 
neuronal progenitors giving birth to new functionally active CGRP-positive neurons which contribute 
to pain development and maintenance (Zhang et al., 2019). 
In parallel with the CNS, extracellular nucleotides and nucleosides play a fundamental role in 
delivering information back and forth from neurons to glial cells within sensory ganglia as well, with 
the involvement of specific membrane receptors. Expression of P2Y12 mRNA and protein in SGCs 
in the DRGs was increased in a rat model of type 2 diabetes mellitus. Targeting the receptor by short 
hairpin RNA (shRNA) counteracted the upregulated expression of P2Y12 mRNA and protein, reduced 
its co-expression with GFAP, as well as signs of SGC activation, including overexpression of GFAP, 
IL-1β, phospho-P38 MAPK and TNF receptor 1, and inhibited mechanical and thermal hyperalgesia 
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(Wang et al., 2018). Interestingly, administration of nanoparticle-encapsulated curcumin to rats 
suffering from diabetic neuropathy decreased thermal hyperalgesia, as well as the mRNA and protein 
expression of P2Y12 receptors in the DRG. In silico molecular docking of curcumin on rat P2Y12 
protein showed that curcumin has a high affinity to interact with residues in the P2Y12 receptor 
agonist-binding pocket (Jia et al., 2018), thus raising the intriguing hypothesis that it could act by 
directly binding to the receptor.  
As a further confirmation of the role of P2Y12 receptor expressed by SGCs, another study 
focused on neuropathic pain induced by HIV envelope glycoprotein 120 (gp120) combined with 2′,3′-
dideoxycytidine (ddC). Exposure of peripheral nerves to HIV-gp120+ddC induces mechanical and 
thermal hyperalgesia and increases P2Y12 receptor mRNA and protein expression in DRG SGCs. 
Moreover, primary cultures of SGCs treated with gp120+ddC displayed significantly increased levels 
of intracellular calcium after application of the P2Y12 receptor agonist 2-methylthio-adenosine 5′-
diphosphate (2-MeSADP), and this effect was counteracted by P2Y12 receptor shRNA treatment (Yi 
et al., 2018). Intrathecal administration of P2Y12 shRNA reduces both the release of pro-inflammatory 
cytokines and the phosphorylation of p38 MAPK in the DRG of gp120+ddC-treated rats, as well as 
the levels of mechanical and thermal hyperalgesia (Shi et al., 2018), thus confirming in vitro data on 
a key role played by P2Y12 receptors in HIV-induced neuropathic pain. Furthermore, the interaction 
between activated SGCs and CGRP-immunoreactive neurons via P2Y12 receptors seems to contribute 
to neuropathic pain in the tongue after lingual nerve injury (Sugawara et al., 2017), confirming the 
receptors role also in this pain model, as previously postulated (Katagiri et al., 2012). 
 Recent data on the role of adenosine and P2Y receptors in preclinical models of neuropathic 
pain are summarized in Table 1. 
 
3. Adenosine and P2Y receptors in inflammatory pain and in migraine 
High adenosine concentrations are generated at inflammatory sites, due to the rapid hydrolysis 
of ATP in the inflammatory hypoxic milieu. Adenosine-mediated signaling plays a pivotal role in 
controlling inflammation in any body district, thanks to the massive expression of its receptors in 
immune cells, fibroblasts, endothelial cells and platelets (for review, see Magni et al., 2018). When 
analyzing their role in pre-clinical models of inflammatory pain it is therefore quite difficult to 
discriminate between the contribution of neuronal/glial receptors and receptors expressed by other 
cell types. For example, activation of A2A receptors expressed by circulating cells has an overall anti-
inflammatory outcome, but their role in pain is still controversial. In fact, both anti- and pro-algogenic 
actions have been described for receptors expressed by both neurons and glial cells in the CNS (for 
review, see Magni et al., 2018). It is worth mentioning that A2A receptors are directly involved in the 
induction of reactive astrogliosis promoted by basic fibroblast growth factor (bFGF; Brambilla et al., 
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2003). Additionally, their activation on microglia cells leads to the modulation of the transcription 
factor hypoxia-inducible factor alpha (HIF-1a), which is upregulated under hypoxic and/or 
inflammatory conditions (Merighi et al., 2015; Figure 1). These data suggest that the role played by 
these receptors in the modulation of glial cell reactivity in pain should be further explored. 
A pro-inflammatory role has been instead postulated for the A2B receptor subtype which, 
similarly to the A2A receptor subtype, is highly expressed in inflammatory cells (Feoktistov & 
Biaggioni, 2011). Interestingly, this receptor subtype has the peculiar feature to be activated by high 
micromolar adenosine concentrations which are only reached in pathological situations (Chen et al., 
2013; Borea et al., 2018), thus suggesting that its selective targeting could be devoid of significant 
side effects in healthy tissues. 
Few studies have been recently published which directly investigate the role of specific 
adenosine and P2Y receptors in inflammatory conditions, including migraine (Table 2). Inhibition of 
the P2Y1, P2Y6, P2Y11 receptor subtypes prevented the flinching behavior in rats injected with 
formalin in the hind paw (Barragán-Iglesias et al., 2015). Conversely, the P2Y2 receptor subtype, 
expressed along with the P2Y1 receptor subtype by SGCs in the TG, is responsible for the 
development of orofacial mechanical allodynia in a rat model of sub-chronic inflammatory trigeminal 
pain, as demonstrated by the potent anti-allodynic action exerted by a selective antagonist (Magni et 
al., 2015). 
Of interest due to the clinical availability of several selective antagonists (see below), a recent 
paper demonstrated that P2Y12 receptors expressed by platelets contribute to hyperalgesia and local 
inflammation in a chronic Complete Freund’s Adjuvant (CFA)-induced inflammatory pain model in 
mice (Bekő et al., 2017). Authors demonstrated that P2Y12-/- mice developed milder signs of CFA-
induced pain with respect to wild-type animals, in parallel with reduced signs of inflammation of the 
hind paw. Platelet depletion decreased hyperalgesia and attenuated the proinflammatory cytokine 
response in wild-type but not in P2Y12-/- mice, thus suggesting for the first time the contribution to 
pain development of P2Y12 receptors expressed on platelets. 
A role for adenosine receptors expressed along the spinal-trigeminal pathway have been 
postulated in migraine. In fact, electrical stimulation of the TG, taken as a surrogate model of migraine 
due to the development of plasma extravasation and neurogenic inflammation, led to increased 
expression of CGRP and A2A adenosine receptors in both the TG and the trigeminal nucleus caudalis 
and to a reduction of A1 receptors both at the mRNA and at the protein level. These changes were 
reverted by the pretreatment with a Chinese drug named Tianshu capsule (TSC) which is widely 
utilized in China as acute and prophylactic treatment for migraine with no known mechanisms of 
action (Lu et al, 2016). Despite the lack of the cellular localization of receptors and of direct functional 
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correlates, making it impossible to discriminate whether the observed changes simply represent an 
epiphenomenon, results are suggestive of a pro-algogenic and an anti-algogenic role for trigeminal 
A2A and A1 receptors, respectively. 
A2A receptors could also play a fundamental role in migraine thanks to their ability to promote 
dilation of small diameter vessels, through the intracellular increase of cAMP concentrations. In fact, 
adenosine application to the rodent isolated middle meningeal artery exerts vasodilation, which is 
considered one of the triggering events for a migraine attack (Haanes & Edvinsson, 2014). This effect 
is observed also in living animals thanks to in vivo videomicroscopy and is blocked by selective A2A 
receptor antagonists and by caffeine, a non-selective adenosine receptor antagonist, which is often 
included in over-the-counter drugs for acute migraine attacks (Haanes et al. 2018). Thus, the 
modulation of cerebral vessel diameter through A2A receptors can be one of the mechanisms through 
which caffeine contribute to reduce migraine and headache attacks. 
 
4. Adenosine and P2Y receptors in visceral pain 
Visceral hypersensitivity is a hallmark of several gut pathologies associated with pain, 
including Irritable Bowel Syndrome (IBS). Many different events contribute to its development, 
including the loss of endothelial barrier integrity (leading to the so-called “leaky gut”), which favors 
the contact of the intestinal content with surrounding tissues. This activates resident immune cells 
and increases the production of pro-inflammatory and pro-algogenic molecules, including histamine 
and serotonin. Overall, these events sensitize enteric nociceptors and primary afferent nerves, which 
in turn contribute to trigger central sensitization in the spinal cord and, subsequently, the shift towards 
chronic pain (Asano & Takenaga, 2017). 
In this scenario, the contribution of adenosine and P2Y receptors has now emerged, as 
summarized in Table 3. 
Pain arising from colonic distension can be inhibited by the intracisternal injection of orexin, 
a neuropeptide that localizes in neurons in the lateral hypothalamus. The analgesic effect of orexin is 
mediated by adenosine through the A1 receptor subtype; in fact, centrally administered cyclo-pentyl-
adenosine (CPA, a selective A1 receptor agonist; Borea et al., 2018) demonstrated an analgesic effect 
which was blocked by DPCPX. Interestingly, DPCPX also blocked the effects of orexin, thus 
demonstrating that modulation of adenosine signaling is involved in the analgesic actions of other 
systems (Okumura et al.  2016). 
Interesting hints on the role of adenosine receptors in visceral pain also came from the 
demonstration of an abundant expression of A2B receptors in the gastrointestinal tract, with a role in 
the regulation of intestinal fluid secretion by epithelial cells, of enteric motor functions and of resident 
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immune cells (Asano & Takenaga, 2017). Excessive activation of A2B receptors could cause diarrhea, 
and an additional role in the development of visceral hypersensitivity can be also foreseen. In parallel 
with the observation that blocking A2B receptor-mediated signaling can resolve several types of 
inflammatory painful conditions (for review see Magni et al., 2018), it has been recently demonstrated 
that aminophylline, acting as A2B receptor antagonist, reduces visceral pain and colonic propulsion in 
a rat model of stress-induced IBS (i.e., following maternal separation or wrap-restraint stress; Asano 
et al., 2017), thus highlighting this adenosine receptor subtype as a novel potential target to treat pain 
and colonic dysfunctions in IBS. Whether the effects of A2B receptors are also linked to the 
modulation of the cross-talk between enteric neurons and glial cells has not been addressed yet. It is 
nevertheless worth mentioning that a complex role for this receptor subtype has been demonstrated 
in LPS-activated microglia in vitro, with cooperation with the A2A subtype in promoting the induction 
of HIF-1a but a specific anti-inflammatory effect demonstrated by reduction of TNF-a production 
(Merighi et al., 2015) and upregulation of pro/anti-inflammatory IL-6 (Merighi et al., 2017). These 
data suggest that opposite effects for a specific receptor subtype can be observed depending upon the 
cell types and tissue, especially concerning central and peripheral sites of action. This must be taken 
into careful consideration when designing new therapeutic approaches, Nevertheless, the A2B receptor 
subtype has now been included into the novel and promising pharmacological targets for the 
management of pain and other symptoms in IBS, which should be further exploited to counteract the 
so-called “opioid crisis” due to significant opioid abuse and overuse to get relief from visceral pain 
(Camilleri, 2018). 
Several P2Y receptor subtypes are also involved in the modulation of visceral pain. P2Y1-
selective antagonists have potential therapeutic value in treating abdominal pain as demonstrated in 
experimental IBS (Wu et al., 2017). Another research group showed that P2Y1, P2Y2 and P2Y4 
receptors are expressed in thoracolumbar gut-projecting sensory neurons, and that their activation led 
to neuronal sensitization (Hockley et al., 2016). Moreover, the voltage-gated Nav1.9 sodium channel, 
a major regulator of visceral afferent excitability to noxious mechanical and inflammation stimuli, is 
expressed by 100% of P2Y2-positive colonic neurons and a reduced afferent fiber response to UTP 
has been observed in Nav1.9−/− mice (Hockley et al., 2016). 
Interestingly, UTP elicits calcium oscillations in a model of human enterochromaffin cells to 
stimulate 5-HT release primarily through a P2Y4 receptor-mediated mechanism (Liñán-Rico et al., 
2017). Although the activation of the P2Y4 subtype seems to play a major role, UTP also activates 
P2Y6 receptors in enterochromaffin cell, likely following its hydrolysis to UDP, thus increasing 
intracellular free Ca2+ levels and leading to 5-HT release (Liñán-Rico et al., 2017). 
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No data are currently available on the possible expression of any P2Y receptor subtypes on 
enteric glia. However, based on data on P2Y receptors expression on many different glial cell 
subtypes, it is quite conceivable that they could contribute to control glial cell function in the enteric 
nervous system as well, with a possible contribution to visceral pain. 
 
5. When will a purinergic-based drug reach the market as innovative painkiller? 
As emerging from historical and more recent data, the purinergic system represents a potential 
bottomless pit of new targets to be exploited pharmacologically for the management of virtually all 
types of pain, including pain syndromes with unsatisfactory control by currently available drugs. 
Despite clear basic and preclinical evidence, unfortunately no purinergic-based analgesic has been 
made available to patients so far. 
Three main issues can be identified which have slowed down the development of analgesics 
(and drugs in general) targeting the purinergic system so far: i) the ubiquitous distribution of 
purinergic receptors with the possible development of serious side effects (see for example the role 
of P2Y12 receptors in platelet aggregation or the role of A1 adenosine receptors in controlling cardiac 
functions); ii) the high number of receptor subtypes, and ii) the lack of truly subtype-selective agonists 
and antagonists to be dispensed through clinically relevant routes of administration. To further 
complicate this already intricated scenario, several purinergic receptors couple to different second 
messengers depending upon the tissue and the pathological or physiological conditions. Additionally, 
they undergo tolerance upon prolonged activation, and they can also homo- or etero-dimerize (and 
dimers often present a different pharmacological profile when compared to homomers; for review see 
Chen et al., 2013; Nishimura et al., 2017). 
In the field of adenosine-mediated signaling, some of the above-mentioned problems have 
now started to be solved, thanks to the invaluable efforts of medicinal chemists. New selective and 
potent A3 adenosine receptor agonists are now available (Jacobson et al., 2018), new A1 receptor 
agonists devoid of any cardiac actions have been designed and tested as analgesic agents (Petrelli et 
al., 2017; 2018), and new selective A2A receptor antagonists acting as vasodilators in migraine are 
currently under development (Haanes et al., 2018). When dealing with adenosine agonists, an 
important issue to be considered is represented by the massive (ab)use of the methylxanthine caffeine, 
which acts as antagonist at various adenosine receptor subtype and could therefore alter the results of 
clinical trials and, prospectively, the beneficial effects of any agonist which will reach the market 
(Chen et al., 2013). 
It is also worth mentioning that the opposite roles sometimes played by one receptor subtypes 
in pain modulation, possibly depending on the type of pain and/or the site of action (see above), makes 
 17 
quite difficult to address the development towards agonist or antagonist molecules. The generation 
of inverse agonists, as for the A2A receptor subtype (Varano et al., 2016), could represent an 
alternative helpful strategy. In fact, inverse agonists stabilize the receptor in its inactive conformation 
and inhibit both the action of the agonists, like classical antagonists, and the constitutive activity of 
the receptor which can sometimes be involved in pain maintenance. 
One possible interesting opportunity is represented by the repurposing of drugs acting on the 
purinergic system which are already marketed or are currently undergoing clinical trials for different 
indications. For example, aminophylline has been long utilized as anti-asthmatic drug as generic 
adenosine receptor antagonist and phosphodiesterase inhibitor, with a very favorable clinical profile. 
The recent discovery of its action on the A2B receptor subtype which is involved in the development 
of visceral pain (see above) has paved the way for its clinical exploitation in IBD patients (Asano et 
al., 2017). A3-selective agonists are currently in clinical trials for rheumatoid arthritis (Phase III; 
Piclidenoson, CanFite BioPharma) and liver diseases (Phase II; Namodenoson, CanFite BioPharma). 
Data could be further utilized in view of a possible application of these drugs to neuropathic pain 
syndromes (see above). 
In the field of P2Y receptors, where the high number of receptor subtypes and endogenous 
agonists adds further difficulties to the development of really selective agents, a key example is 
represented by P2Y12 antagonists. The most studied effect of P2Y12 receptors is their crucial role in 
platelet aggregation, so that selective antagonists are blockbuster drugs in the management of 
thrombosis and in the secondary prevention of ictus and cardiac ischemia (Kupka & Sibbing, 2018). 
Although the concomitant activity on platelets could pose some safety problems, the evaluation of 
these drugs in different types of pain syndrome could therefore be accelerated by the availability of 
pharmacokinetics and pharmacodynamics data despite that the appropriate route of administration is 
identified to reach the CNS target on microglia cells. Interestingly in view of preclinical data showing 
a possible role for platelet P2Y12 receptors in the modulation of pain (see above; Bekő et al., 2017), 
genetic variability in the P2Y12 gene seems to contribute to individual differences in pain and opioid 
sensitivity. A recent study genotyped 31 single nucleotide polymorphisms (SNPs) throughout the 
P2Y12 gene and compared the different genotypes with pain severity in 90 cancer patients, and with 
a cohort of patients suffering from post-operative pain. Authors have identified five P2Y12 gene SNPs 
that are positively associated with increased pain severity in both cohorts of patients (Sumitani et al., 
2018). Since two out of five SNPs are associated to higher platelet activation, it is conceivable that 
the increased P2Y12 receptor signaling contributes to higher pain perception in patients, thus adding 
further interest to this receptor subtype as new target for pain. 
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Finally, P2Y2 receptor-selective agonists, diquafosol and denufosol, have been recently 
discontinued from clinical trials in cystic fibrosis despite initial highly encouraging results. The 
former has been later marketed in Japan and Korea as eye drops for dry eye syndrome (Burnstock, 
2017); based on interesting preclinical data on the role of this receptor subtype in trigeminal pain, a 
possible future analysis of its analgesic potential can be foreseen. 
 In conclusion, recent basic and preclinical research fully confirm the crucial role played by 
the purinergic system in the development of chronic pain conditions, and in conjunction with new 
developments in medicinal chemistry, results are fostering our hope to welcome the marketing of the 
first purinergic-based analgesic in a limited period of time. 
  
 19 
6. References 
Abbracchio, M.P., Ceruti, S., Brambilla, R., Franceschi, C., Malorni, W., Jacobson, K.A., von Lubitz, 
D.K., Cattabeni, F., 1997. Modulation of apoptosis by adenosine in the central nervous system: a 
possible role for the A3 receptor. Pathophysiological significance and therapeutic implications for 
neurodegenerative disorders. Ann. N. Y. Acad. Sci. 825, 11-22. 
Agresti, C., Meomartini, M.E., Amadio, S., Ambrosini, E., Serafini, B., Franchini, L., Volonté, C., 
Aloisi, F., Visentin, S., 2005. Metabotropic P2 receptor activation regulates oligodendrocyte 
progenitor migration and development. Glia. 50(2), 132-144. 
Alexander, S.P., Kelly, E., Marrion, NV., Peters, J.A., Faccenda, E., Harding, S.D., Pawson, A.J., 
Sharman, J.L., Southan, C., Buneman, O.P., Cidlowski, J.A., Christopoulos, A., Davenport, A.P., 
Fabbro, D., Spedding, M., Striessnig, J., Davies, J.A., CGTP Collaborators, 2017. THE CONCISE 
GUIDE TO PHARMACOLOGY 2017/18: Overview. Br. J. Pharmacol. 174(Suppl 1), S1-S16. 
Amadio, S., Parisi, C., Montilli, C., Carrubba, A.S., Apolloni, S., Volonté, C., 2014. P2Y(12) receptor 
on the verge of a neuroinflammatory breakdown. Mediators Inflamm. 2014, 975849. 
Asano, T., Takenaga, M., 2017. Adenosine A2B Receptors: An Optional Target for the Management 
of Irritable Bowel Syndrome with Diarrhea? J. Clin. Med. 6(11), pii: E104. 
Asano, T., Tanaka, K.I., Tada, A., Shimamura, H., Tanaka, R., Maruoka, H., Takenaga, M., 
Mizushima, T., 2017. Aminophylline suppresses stress-induced visceral hypersensitivity and 
defecation in irritable bowel syndrome. Sci. Rep. 7, 40214. 
Barragán-Iglesias, P., Pineda-Farias, J.B., Cervantes-Duran, C., Bravo-Hernandez, M., Rocha-
Gonzalez, H.I., Murbartian, J., Granados-Soto, V., 2014. Role of spinal P2Y6 and P2Y11 receptors 
in neuropathic pain in rats: possible involvement of glial cells. Mol. Pain. 10, 29. 
Barragán-Iglesias, P., Mendoza-Garces, L., Pineda-Farias, J.B., Solano-Olivares, V., Rodriguez-
Silverio, J., Flores-Murrieta, F.J., Granados-Soto, V., Rocha-Gonzalez, H.I., 2015. Participation 
of peripheral P2Y1, P2Y6 and P2Y11 receptors in formalin-induced inflammatory pain in rats. 
Pharmacol. Biochem. Behav. 128, 23-32. 
Barragán-Iglesias, P., Pineda-Farias, J.B., Bravo-Hernández, M., Cervantes-Durán, C., Price, T.J., 
Murbartián, J., Granados-Soto, V., 2016. Predominant role of spinal P2Y1 receptors in the 
development of neuropathic pain in rats. Brain Res. 1636, 43-51. 
Beggs, S., Trang, T., Salter, M.W., 2012. P2X4R(+) microglia drive neuropathic pain. Nat. Neurosci. 
15, 1068–1073. 
Bekő, K., Koványi, B., Gölöncsér, F., Horváth, G., Dénes, Á., Környei, Z., Botz, B., Helyes, Z., 
Müller, C.E., Sperlágh B., 2017. Contribution of platelet P2Y12 receptors to chronic Complete 
Freund's adjuvant-induced inflammatory pain. J. Thromb. Haemost. 15, 1223-1235. 
 20 
Bianco, F., Fumagalli, M., Pravettoni, E., D'Ambrosi, N., Volonte, C., Matteoli, M., Abbracchio, 
M.P., Verderio, C., 2005. Pathophysiological roles of extracellular nucleotides in glial cells: 
differential expression of purinergic receptors in resting and activated microglia. Brain Res. Brain 
Res. Rev. 48(2), 144-156. 
Borea, P.A., Gessi, S., Merighi, S., Vincenzi, F., Varani, K., 2018. Pharmacology of Adenosine 
Receptors: The State of the Art. Physiol. Rev. 98(3), 1591-1625. 
Brambilla, R., Cottini, L., Fumagalli, M., Ceruti, S., Abbracchio, M.P., 2003. Blockade of A2A 
adenosine receptors prevents basic fibroblast growth factor-induced reactive astrogliosis in rat 
striatal primary astrocytes. Glia. 43(2), 190-194. 
Burnstock, G., 2017. Purinergic Signalling: Therapeutic Developments. Front. Pharmacol. 8, 661. 
Camilleri M., 2018. Toward an effective peripheral visceral analgesic: responding to the national 
opioid crisis. Am. J. Physiol. Gastrointest. Liver Physiol. 314(6), G637-G646. 
Ceruti, S., Fumagalli, M., Villa, G., Verderio, C., Abbracchio, M.P., 2008. Purinoceptor-mediated 
calcium signaling in primary neuron-glia trigeminal cultures. Cell Calcium 43(6), 576-590. 
Chen, G., Park, C.K., Xie, R.G., Berta, T., Nedergaard, M., Ji, R.R., 2014. Connexin-43 induces 
chemokine release from spinal cord astrocytes to maintain late-phase neuropathic pain in mice. 
Brain. 137, 2193-209. 
Chen, J.F., Eltzschig, H.K., Fredholm, B.B., 2013. Adenosine receptors as drug targets--what are the 
challenges? Nat. Rev. Drug Discov. 12(4), 265-286. 
Chung, W.S., Welsh, C.A., Barres, B.A., Stevens, B., 2015. Do glia drive synaptic and cognitive 
impairment in disease? Nat. Neurosci. 18(11), 1539-1545. 
Clark, A.K., Malcangio, M., 2014. Fractalkine/CX3CR1 signaling during neuropathic pain. Front. 
Cell. Neurosci. 8, 121. 
Curet, M.A., Watters, J.J., 2018. P2Y14 receptor activation decreases interleukin-6 production and 
glioma GL261 cell proliferation in microglial transwell cultures. J. Neurooncol. 137(1), 23-31. 
Donegan, M., Kernisant, M., Cua, C., Jasmin, L., Ohara, P.T., 2013. Satellite glial cell proliferation 
in the trigeminal ganglia after chronic constriction injury of the infraorbital nerve. Glia. 61, 2000-
2008. 
Duarte, J.M., Gaspar, R., Caetano, L., Patrício, P., Soares-Cunha, C., Mateus-Pinheiro, A., Alves, 
N.D., Santos, A.R., Ferreira, S.G., Sardinha, V., Oliveira, J.F., Fontes-Ribeiro, C., Sousa, N., 
Cunha, R.A., Ambrósio, A.F., Pinto, L., Rodrigues, A.J., Gomes, C.A., 2019. Region-specific 
control of microglia by adenosine A2A receptors: uncoupling anxiety and associated cognitive 
deficits in female rats. Glia. 67(1), 182-192. 
 21 
Feoktistov, I., Biaggioni, I., 2011. Role of adenosine A(2B) receptors in inflammation. Adv. 
Pharmacol. 61, 115–144. 
Fields, R.D., 2015. A new mechanism of nervous system plasticity: activity-dependent myelination. 
Nat. Rev. Neurosci. 16(12), 756-767. 
Grace, P.M., Hutchinson, M.R., Maier, S.F., Watkins, L.R., 2014. Pathological pain and the 
neuroimmune interface. Nat. Rev. Immunol. 14, 217-231. 
Gu, N., Peng, J., Murugan, M., Wang, X., Eyo, U.B., Sun, D., Ren, Y., DiCicco-Bloom, E., Young, 
W., Dong, H., Wu, L.J., 2016. Spinal Microgliosis Due to Resident Microglial Proliferation Is 
Required for Pain Hypersensitivity after Peripheral Nerve Injury. Cell. Rep. 16(3), 605-614. 
Gwak, Y.S., Hulsebosch, C.E., Leem J.W., 2017. Neuronal-glial interactions maintain chronic 
neuropathic pain after spinal cord injury. Neural Plast. 2017, 2480689. 
Haanes, K.A., Edvinsson, L., 2014. Expression and characterization of purinergic receptors in rat 
middle meningeal artery-potential role in migraine. PLoS One. 9(9), e108782. 
Haanes KA, Labastida-Ramírez A, Chan KY, de Vries R, Shook B, Jackson P, Zhang J, Flores CM, 
Danser AHJ, Villalón CM, MaassenVanDenBrink A., 2018. Characterization of the 
trigeminovascular actions of several adenosine A2A receptor antagonists in an in vivo rat model of 
migraine. J. Headache Pain. 19(1), 41. 
Hanani, M., 2015. Role of satellite glial cells in gastrointestinal pain. Front. Cell. Neurosci. 9, 412. 
Haynes, S.E., Hollopeter, G., Yang, G., Kurpius, D., Dailey, M.E., Gan, W.B., Julius, D., 2006. The 
P2Y12 receptor regulates microglial activation by extracellular nucleotides. Nat. Neurosci. 9(12), 
1512-1519. 
Hockley, J.R., Tranter, M.M., McGuire, C., Boundouki, G., Cibert-Goton, V., Thaha, M.A., 
Blackshaw, L.A., Michael, G.J., Baker, M.D., Knowles, C.H., Winchester, W.J., Bulmer, D.C., 
2016. P2Y receptors sensitize mouse and human colonic nociceptors. J. Neurosci. 36, 2364-76. 
Huang, D., Yang, J., Liu, X., He, L., Luo, X., Tian, H., Xu, T., Zeng, J., 2018. P2Y6 receptor activation 
is involved in the development of neuropathic pain induced by chronic constriction injury of the 
sciatic nerve in rats. J. Clin. Neurosci. 56:156-162. 
Jacobson, K.A., Merighi, S., Varani, K., Borea, P.A., Baraldi, S., Aghazadeh Tabrizi, M., Romagnoli, 
R., Baraldi, P.G., Ciancetta, A., Tosh, D.K., Gao, Z.G., Gessi, S., 2018. A3 Adenosine Receptors 
as Modulators of Inflammation: From Medicinal Chemistry to Therapy. Med. Res. Rev. 38(4), 
1031-1072. 
Janes, K., Symons-Liguori, A.M., Jacobson, K.A., Salvemini, D., 2016. Identification of A3 
adenosine receptor agonists as novel non-narcotic analgesics. Br. J. Pharmacol. 173(8), 1253-
1267. 
 22 
Jensen, C.J., Massie, A., De Keyser, J., 2013. Immune players in the CNS: the astrocyte. J. 
Neuroimmune Pharmacol. 8, 824–839. 
Ji, R.R., Berta, T., Nedergaard, M., 2013. Glia and pain: is chronic pain a gliopathy? Pain. 154 Suppl 
1:S10-28. 
Ji, R.R., Chamessian, A., Zhang, Y.Q., 2016. Pain regulation by non-neuronal cells and inflammation. 
Science. 354, 572-577. 
Jia, T., Rao, J., Zou, L., Zhao, S., Yi, Z., Wu, B., Li, L., Yuan, H., Shi, L., Zhang, C., Gao, Y., Liu, 
S., Xu, H., Liu, H., Liang, S., Li, G., 2018. Nanoparticle-encapsulated curcumin inhibits diabetic 
neuropathic pain involving the P2Y12 receptor in the dorsal root ganglia. Front. Neurosci. 11, 755. 
Jiang, B.C., Cao, D.L., Zhang, X., Zhang, Z.J., He, L.N., Li, C.H., Zhang, W.W., Wu, X.B., Berta, 
T., Ji, R.R., Gao, Y.J., 2016. CXCL13 drives spinal astrocyte activation and neuropathic pain via 
CXCR5. J. Clin. Invest. 126, 745-761. 
Kan, H.W., Chang, C.H., Lin, C.L., Lee, Y.C., Hsieh, S.T., Hsieh, Y.L., 2018. Downregulation of 
adenosine and adenosine A1 receptor contributes to neuropathic pain in resiniferatoxin neuropathy. 
Pain. 159(8), 1580-1591. 
Katagiri, A., Shinoda, M., Honda, K., Toyofuku, A., Sessle, B.J., Iwata, K., 2012. Satellite glial cell 
P2Y12 receptor in the trigeminal ganglion is involved in lingual neuropathic pain mechanisms in 
rats. Mol. Pain. 8, 23. 
Kim, B., Jeong, H.K., Kim, J.H., Lee, S.Y., Jou, I., Joe, E.H., 2011. Uridine 5'-diphosphate induces 
chemokine expression in microglia and astrocytes through activation of the P2Y6 receptor. J. 
Immunol. 186(6), 3701-3709. 
Kim, D.S., Li, K.W., Boroujerdi, A., Peter Yu, Y., Zhou, C.Y., Deng, P., Park, J., Zhang, X., Lee, J., 
Corpe, M., Sharp, K., Steward, O., Eroglu, C., Barres, B., Zaucke, F., Xu, Z.C., Luo, Z.D., 2012. 
Thrombospondin-4 contributes to spinal sensitization and neuropathic pain states. J. Neurosci. 32, 
8977-8987. 
Kinoshita, M., Nasu-Tada, K., Fujishita, K., Sato, K., Koizumi, S., 2013. Secretion of matrix 
metalloproteinase-9 from astrocytes by inhibition of tonic P2Y14-receptor-mediated signal(s). 
Cell. Mol. Neurobiol. 33(1), 47-58. 
Kobayashi, K., Fukuoka, T., Yamanaka, H., Dai, Y., Obata, K., Tokunaga, A., Noguchi, K., 2006. 
Neurons and glial cells differentially express P2Y receptor mRNAs in the rat dorsal root ganglion 
and spinal cord. J. Comp. Neurol. 498(4), 443-454. 
Kobayashi, K., Yamanaka, H., Yanamoto, F., Okubo, M., Noguchi, K., 2012. Multiple P2Y subtypes 
in spinal microglia are involved in neuropathic pain after peripheral nerve injury. Glia. 60, 1529-
39. 
 23 
Koyanagi, S., Kusunose, N., Taniguchi, M., Akamine, T., Kanado, Y., Ozono, Y., Masuda, T., Kohro, 
Y., Matsunaga, N., Tsuda, M., Salter, M.W., Inoue, K., Ohdo, S., 2016. Glucocorticoid regulation 
of ATP release from spinal astrocytes underlies diurnal exacerbation of neuropathic mechanical 
allodynia. Nat. Commun. 7, 13102. 
Kupka, D., Sibbing, D., 2018. P2Y12 receptor inhibitors: an evolution in drug design to prevent 
arterial thrombosis. Expert Opin. Drug Metab. Toxicol. 14(3), 303-315. 
Kwilasz, A.J., Ellis, A., Wieseler, J., Loram, L., Favret, J., McFadden, A., Springer, K., Falci, S., 
Rieger, J., Maier, S.F., Watkins, L.R., 2018. Sustained reversal of central neuropathic pain induced 
by a single intrathecal injection of adenosine A2A receptor agonists. Brain Behav. Immun. 69, 470-
479. 
Lazarowski, E.R., Harden, T.K., 2015. UDP-Sugars as Extracellular Signaling Molecules: Cellular 
and Physiologic Consequences of P2Y14 Receptor Activation. Mol. Pharmacol. 88, 151-160. 
Liddelow, S.A., Guttenplan, K.A., Clarke, L.E., Bennett, F.C., Bohlen, C.J., Schirmer, L., Bennett, 
M.L., Münch, A.E., Chung, W.S., Peterson, T.C., Wilton, D.K., Frouin, A., Napier, B.A., Panicker, 
N., Kumar, M., Buckwalter, M.S., Rowitch, D.H., Dawson, V.L., Dawson, T.M., Stevens, B., 
Barres, B.A., 2017. Neurotoxic reactive astrocytes are induced by activated microglia. Nature. 
541(7638), 481-487. 
Liñán-Rico, A., Ochoa-Cortes, F., Zuleta-Alarcon, A., Alhaj, M., Tili, E., Enneking, J., Harzman, A., 
Grants, I., Bergese, S., Christofi, F.L., 2017. UTP-gated signaling pathways of 5-HT release from 
BON cells as a model of human enterochromaffin cells. Front. Pharmacol. 8, 429. 
Little, J.W., Ford, A., Symons-Liguori, A.M., Chen, Z., Janes, K., Doyle, T., Xie, J., Luongo, L., 
Tosh, D.K., Maione, S., Bannister, K., Dickenson, A.H., Vanderah, T.W., Porreca, F., Jacobson, 
K.A., Salvemini, D., 2015. Endogenous adenosine A3 receptor activation selectively alleviates 
persistent pain states. Brain. 138(1), 28-35. 
Loggia, M.L., Chonde, D.B., Akeju, O., Arabasz, G., Catana, C., Edwards, R.R., Hill, E., Hsu, S., 
Izquierdo-Garcia, D., Ji, R.R., Riley, M., Wasan, A.D., Zürcher, N.R., Albrecht, D.S., Vangel, 
M.G., Rosen, B.R., Napadow, V., Hooker, J.M., 2015. Evidence for brain glial activation in 
chronic pain patients. Brain. 138(Pt 3), 604-615. 
Lu, W., Li, B., Chen, J., Su, Y., Dong, X., Su, X., Gao, L. 2016. Expression of calcitonin gene-related 
peptide, adenosine A2a receptor and adenosine A1 receptor in experiment rat migraine models. 
Biomed. Rep. 4(3), 379-383. 
Luongo, L., Petrelli, R., Gatta, L., Giordano, C., Guida, F., Vita, P., Franchetti, P., Grifantini, M., de 
Novellis, V., Cappellacci, L., Maione, S., 2012. 5'-Chloro-5'-deoxy-(±)-ENBA, a potent and 
selective adenosine A(1) receptor agonist, alleviates neuropathic pain in mice through functional 
 24 
glial and microglial changes without affecting motor or cardiovascular functions. Molecules. 
17(12), 13712-13726. 
Luongo, L., Guida, F., Imperatore, R., Napolitano, F., Gatta, L., Cristino, L., Giordano, C., Siniscalco, 
D., Di Marzo, V., Bellini, G., Petrelli, R., Cappellacci, L., Usiello, A., de Novellis, V., Rossi, F., 
Maione, S., 2014. The A1 adenosine receptor as a new player in microglia physiology. Glia. 62(1), 
122-132. 
Magni, G., Ceruti, S., 2013. P2Y purinergic receptors: new targets for analgesic and antimigraine 
drugs. Biochem. Pharmacol. 85(4), 466-477. 
Magni, G., Ceruti, S., 2014. The purinergic system and glial cells: emerging costars in nociception. 
Biomed. Res. Int. 2014, 495789. 
Magni, G., Merli, D., Verderio, C., Abbracchio, M.P., Ceruti, S., 2015. P2Y2 receptor antagonists as 
anti-allodynic agents in acute and sub-chronic trigeminal sensitization: role of satellite glial cells. 
Glia. 63, 1256-1269. 
Magni, G., Riccio, D., Ceruti, S., 2018. Tackling chronic pain and inflammation through the 
purinergic system. Curr. Med. Chem. 25(32):3830-3865. 
Mapplebeck, J.C., Dalgarno, R., Tu, Y., Moriarty, O., Beggs, S., Kwok, C.H., Halievski, K., Assi, S., 
Mogil, J.S., Trang, T., Salter, M.W., 2018. Microglial P2X4R-evoked pain hypersensitivity is 
sexually dimorphic in rats. Pain. 159(9), 1752-1763. 
May, A., 2008. Chronic pain may change the structure of the brain. Pain. 137(1), 7-15. 
Merighi, S., Borea, P.A., Stefanelli, A., Bencivenni, S., Castillo, C.A., Varani, K., Gessi, S., 2015. 
A2a and a2b adenosine receptors affect HIF-1α signaling in activated primary microglial cells. 
Glia. 63(11), 1933-1952. 
Merighi, S., Bencivenni, S., Vincenzi, F., Varani, K., Borea, P.A., Gessi, S., 2017. A2B adenosine 
receptors stimulate IL-6 production in primary murine microglia through p38 MAPK kinase 
pathway. Pharmacol. Res. 117, 9-19. 
Molliver, D.C., Cook, S.P., Carlsten, J.A., Wright, D.E., McCleskey, E.W., 2002. ATP and UTP 
excite sensory neurons and induce CREB phosphorylation through the metabotropic receptor, 
P2Y2. Eur. J. Neurosci. 16(10), 1850-1860. 
Nishimura, A., Sunggip, C., Oda, S., Numaga-Tomita, T., Tsuda, M., Nishida, M., 2017. Purinergic 
P2Y receptors: Molecular diversity and implications for treatment of cardiovascular diseases. 
Pharmacol. Ther. 180, 113-128. 
Niu, J., Huang, D., Zhou, R., Yue, M., Xu, T., Yang, J., He, L., Tian, H., Liu, X., Zeng, J., 2017. 
Activation of dorsal horn cannabinoid CB2 receptor suppresses the expression of P2Y12 and 
P2Y13 receptors in neuropathic pain rats. J. Neuroinflamm. 14, 185. 
 25 
Okumura T, Nozu T, Kumei S, Takakusaki K, Miyagishi S, Ohhira M., 2016. Adenosine A1 receptors 
mediate the intracisternal injection of orexin-induced antinociceptive action against colonic 
distension in conscious rats. J. Neurol. Sci. 362, 106-110.  
Petrelli, R., Scortichini, M., Kachler, S., Boccella, S., Cerchia, C., Torquati, I., Del Bello, F., 
Salvemini, D., Novellino, E., Luongo, L., Maione, S., Jacobson, K.A., Lavecchia, A., Klotz, K.N., 
Cappellacci, L., 2017. Exploring the Role of N6-Substituents in Potent Dual Acting 5'-C-
Ethyltetrazolyladenosine Derivatives: Synthesis, Binding, Functional Assays, and Antinociceptive 
Effects in Mice. J. Med. Chem. 60(10), 4327-4341. 
Petrelli, R., Scortichini, M., Belardo, C., Boccella, S., Luongo, L., Capone, F., Kachler, S., Vita, P., 
Del Bello, F., Maione, S., Lavecchia, A., Klotz, K.N., Cappellacci, L., 2018. Structure-Based 
Design, Synthesis, and In Vivo Antinociceptive Effects of Selective A1 Adenosine Receptor 
Agonists. J. Med. Chem. 61(1), 305-318. 
Quintas, C., Vale, N., Gonçalves, J., Queiroz, G., 2018. Microglia P2Y13 Receptors Prevent Astrocyte 
Proliferation Mediated by P2Y1 Receptors. Front. Pharmacol. 9, 418. 
Ruan, H.Z., Burnstock, G., 2003. Localisation of P2Y1 and P2Y4 receptors in dorsal root, nodose 
and trigeminal ganglia of the rat. Histochem. Cell. Biol. 120(5), 415-426. 
Sawynok, J., 2016. Adenosine receptor targets for pain. Neuroscience 338, 1-18. 
Shi, L., Wu, B., Yi, Z., Zhao, S., Zou, L., Li, L., Yuan, H., Jia, T., Liu, S., Liu, H., Gao, Y., Li, G., 
Xu, H., Zhang, C., Liang, S., 2018. P2Y12 shRNA treatment relieved HIV gp120-induced 
neuropathic pain in rats. Neurochem. Int. 112, 259-266. 
Shi, Y., Qin, W., Nie, F., Wen, H., Lu, K., Cui, J., 2017. Ulinastatin attenuates neuropathic pain via 
the ATP/P2Y2 receptor pathway in rat models. Gene. 627, 263-270. 
Shinozaki, Y., Shibata, K., Yoshida, K., Shigetomi, E., Gachet, C., Ikenaka, K., Tanaka, K.F., 
Koizumi, S., 2017. Transformation of Astrocytes to a Neuroprotective Phenotype by Microglia via 
P2Y1 Receptor Downregulation. Cell. Rep. 19(6), 1151-1164. 
Sipe, G.O., Lowery, R.L., Tremblay, M.È., Kelly, E.A., Lamantia, C.E., Majewska, A.K., 2016. 
Microglial P2Y12 is necessary for synaptic plasticity in mouse visual cortex. Nat. Commun. 7, 
10905. 
Skaper, S.D., Facci, L., Zusso, M., Giusti, P., 2016. An inflammation-centric view of neurological 
disease: beyond the neuron. Front. Cell. Neurosci. 12, 72. 
Sorge, R.E., Mapplebeck, J.C., Rosen, S., Beggs, S., Taves, S., Alexander, J.K., Martin, L.J., Austin, 
J.S., Sotocinal, S.G., Chen, D., Yang, M., Shi, X.Q., Huang, H., Pillon, N.J., Bilan, P.J., Tu, Y., 
Klip, A., Ji, R.R., Zhang, J., Salter, M.W., Mogil, J.S., 2015. Different immune cells mediate 
mechanical pain hypersensitivity in male and female mice. Nat. Neurosci. 18, 1081–1083. 
 26 
Sugawara, S., Okada, S., Katagiri, A., Saito, H., Suzuki, T., Komiya, H., Kanno, K., Ohara, K., 
Iinuma, T., Toyofuku, A., Iwata, K., 2017. Interaction between calcitonin gene-related peptide-
immunoreactive neurons and satellite cells via P2Y12R in the trigeminal ganglion is involved in 
neuropathic tongue pain in rats. Eur. J. Oral. Sci. 125, 444-452. 
Sumitani, M., Nishizawa, D., Nagashima, M., Ikeda, K., Abe, H., Kato, R., Ueda, H., Yamada, Y., 
2018. Association between polymorphisms in the purinergic P2Y12 receptor gene and severity of 
both cancer pain and postoperative pain. Pain Med. 19, 348-354. 
Suter, M.R., 2016. Microglial role in the development of chronic pain. Curr. Opin. Anaesthesiol. 29, 
584–589. 
Syhr, K.M., Kallenborn-Gerhardt, W., Lu, R., Olbrich, K., Schmitz, K., Männich, J., Ferreiros-Bouzas, N., 
Geisslinger, G., Niederberger, E., Schmidtko, A., 2014. Lack of effect of a P2Y6 receptor antagonist on 
neuropathic pain behavior in mice. Pharmacol. Biochem. Behav. 124, 389-95. 
Tatsumi, E., Yamanaka, H., Kobayashi, K., Yagi, H., Sakagami, M., Noguchi, K., 2015. 
RhoA/ROCK pathway mediates p38 MAPK activation and morphological changes downstream 
of P2Y12/13 receptors in spinal microglia in neuropathic pain. Glia. 63, 216-228. 
Tran, M.D., 2011. P2 receptor stimulation induces amyloid precursor protein production and secretion 
in rat cortical astrocytes. Neurosci. Lett. 492(3), 155-159. 
Varani, K., Vincenzi, F., Merighi, S., Gessi, S., Borea, P.A., 2017. Biochemical and Pharmacological 
Role of A1 Adenosine Receptors and Their Modulation as Novel Therapeutic Strategy. Adv. Exp. 
Med. Biol. 1051, 193-232. 
Varano, F., Catarzi, D., Vincenzi, F., Betti, M., Falsini, M., Ravani, A., Borea, P.A., Colotta, V., 
Varani K., 2016. Design, Synthesis, and Pharmacological Characterization of 2-(2-
Furanyl)thiazolo[5,4-d]pyrimidine-5,7-diamine Derivatives: New Highly Potent A2A Adenosine 
Receptor Inverse Agonists with Antinociceptive Activity. J. Med. Chem. 59(23), 10564-10576. 
Veronica, I. S, Strongin, A.Y., Yaksh; T.L., 2016. Role of myelin auto-antigens in pain: a female 
connection. Neural Regen. Res. 11(6), 890–891. 
Villa, G., Ceruti, S., Zanardelli, M., Magni, G., Jasmin, L., Ohara, P.T., Abbracchio, M.P., 2010. 
Temporomandibular joint inflammation activates glial and immune cells in both the trigeminal 
ganglia and in the spinal trigeminal nucleus. Mol. Pain. 6, 89. 
Wahlman, C., Doyle, T.M., Little, J.W., Luongo, L., Janes, K., Chen, Z., Esposito, E., Tosh, D.K., 
Cuzzocrea, S., Jacobson, K.A., Salvemini, D., 2018. Chemotherapy-induced pain is promoted by 
enhanced spinal adenosine kinase levels through astrocyte-dependent mechanisms. Pain. 159(6), 
1025-1034. 
Wang, S., Wang, Z., Li, L., Zou, L., Gong, Y., Jia, T., Zhao, S., Yuan, H., Shi, L., Liu, S., Wu, B., 
Yi, Z., Liu, H., Gao, Y., Li, G., Deussing, J.M., Li, M., Zhang, C., Liang, S., 2018. P2Y12 shRNA 
 27 
treatment decreases SGC activation to relieve diabetic neuropathic pain in type 2 diabetes mellitus 
rats. J. Cell. Physiol. 233(12):9620-9628. 
Wu, J., Cheng, Y., Zhang, R., Liu, D., Luo, Y.M., Chen, K.L., Ren, S., Zhang, J., 2017. P2Y1R is 
involved in visceral hypersensitivity in rats with experimental irritable bowel syndrome. World J. 
Gastroenterol. 23, 6339-6349. 
Wu, W.P., Hao, J.X., Halldner, L., Lovdahl, C., DeLander, G.E., Wiesenfeld-Hallin, Z., Fredholm, 
B.B., Xu, X.J., 2005. Increased nociceptive response in mice lacking the adenosine A1 receptor. 
Pain. 113, 395–404. 
Xu, Y., Hu, W., Liu, Y., Xu, P., Li, Z., Wu, R., Shi, X., Tang, Y., 2016. P2Y6 Receptor-Mediated 
Microglial Phagocytosis in Radiation-Induced Brain Injury. Mol. Neurobiol. 53(6), 3552-3564 
Yan, H., Zhang, E., Feng, C., Zhao, X., 2016. Role of A3 adenosine receptor in diabetic neuropathy. 
J. Neurosci. Res. 94(10), 936-946. 
Yi, Z., Xie, L., Zhou, C., Yuan, H., Ouyang, S., Fang, Z., Zhao, S., Jia, T., Zou, L., Wang, S., Xue, 
Y., Wu, B., Gao, Y., Li, G., Liu, S., Xu, H., Xu, C., Zhang, C., Liang, S., 2018. P2Y12 receptor 
upregulation in satellite glial cells is involved in neuropathic pain induced by HIV glycoprotein 
120 and 2′,3′-dideoxycytidine. Purinergic Signal. 14, 47-58. 
Zhang, Z.J., Jiang, B.C., Gao, Y.J., 2017. Chemokines in neuron-glial cell interaction and 
pathogenesis of neuropathic pain. Cell. Mol. Life Sci. 74, 3275-3291. 
Zhang, L., Xie, R., Yang, J., Zhao, Y., Qi, C., Bian, G., Wang, M., Shan, J., Wang, C., Wang, D., 
Luo, C., Wang, Y., Wu, S., 2019. Chronic pain induces nociceptive neurogenesis in dorsal root 
ganglia from Sox2-positive satellite cells. Glia. doi: 10.1002/glia.23588. [Epub ahead of print]. 
Zhou, R., Xu, T., Liu, X., Chen, Y., Kong, D., Tian, H., Yue, M., Huang, D., Zeng, J., 2018. 
Activation of spinal dorsal horn P2Y13 receptors can promote the expression of IL-1β and IL-6 in 
rats with diabetic neuropathic pain. J. Pain Res. 11, 615-628. 
 
 
  
 28 
Figure legends 
Figure 1. Increased extracellular adenosine concentrations under pathological conditions. 
At variance with physiological conditions (upper panel), under pathological situations extracellular 
adenosine concentrations are increased from low nanomolar to high micromolar range, thanks to 
multiple mechanisms, including increased ATP release and catabolism. Adenosine receptors are 
upregulated as well, which contribute to increase the role of this signaling pathway in pathology. 
These events take place not only at brain synapses, but wherever vescicular or non-vescicular ATP 
release can be observed.  
AK: adenosine kinase; ENT: equilibrative nucleoside transporter; ENTPD1: ectonucleoside 
triphosphate diphosphohydrolase 1, also known as CD39; HIF-1α: hypoxia-inducible factor-1α; 
NT5E: ecto‐5′-nucleotidase, also known as CD73; SAH: S-adenosyl-homocysteine. Reproduced with 
permission (RightsLink licence #4403531025645) from Chen et al., 2013. 
 
Figure 2: P2Y and adenosine receptor expression in sensory neurons and glial cells. 
Expression of both A1 and A2A receptor subtypes has been detected in the trigeminal ganglion, but no 
cell-specific localization has been provided (Lu et al., 2016). 
 
Figure 3: Neuron-glia crosstalk in the spinal cord. 
In painful conditions, the activation of peripheral nociceptors with cell bodies in sensory ganglia (i.e., 
DRGs or TGs) induces the release of several mediators from their central terminals (blue), which in 
turn activate microglial cells and astrocytes in the spinal cord dorsal horn. Activated microglia 
(yellow) and astrocytes (red) further release neuromodulators which influence second order neurons 
(green), act back on nociceptor terminals (blue), and contribute to the generation of a vicious circle 
of glial cell activation, which sustains neuronal sensitization and the transition from acute to chronic 
pain. 
ATP: Adenosine triphosphate; BDNF: brain-derived neurotrophic factor; CCL2: C-C motif ligand 2; 
CSF1: macrophage colony-stimulating factor 1; CXCL13: C-X-C motif chemokine ligand 13; Glu: 
glutamate; ILs: interleukins; TNF-α: tumor necrosis factor alpha. 
 
Figure 4: Neuron-glia crosstalk in sensory ganglia. 
Bidirectional signaling between sensory neurons and satellite glial cells (SGCs) in peripheral ganglia 
involves the release of different mediators, which act both autocrinally and paracrinally thus 
contributing to neuronal sensitization. In fact, neuronal pro-algogenic signals, mostly CGRP and SP 
but also ATP and glutamate, stimulate IL-1β release by SGCs (blue), enhance glial COX activity with 
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the subsequent production of pro-inflammatory PGE2 (green), and promote P2Y receptors 
expression/activation via phospho-ERK1/2 signaling pathway (orange). A long-lasting and sustained 
stimulation of SGCs further potentiate the network, by promoting the coupling of SGCs through GAP 
junctions and their release of additional pro-inflammatory molecules, which in turn drive the 
transition from acute to chronic pain. 
ATP: adenosine triphosphate; CGRP: calcitonin gene-related peptide; COX: cyclooxygenase; Cx43: 
connexin 43; Glu: glutamate; IL-1β: interleukin 1 beta; pERK1/2: phosphorylated Extracellular 
signal-regulated kinases 1/2; PGE2: prostaglandin E2; SP: substance P; TNF-α: tumor necrosis factor 
alpha. 
 
 
Experimental 
model Species 
Pharmacological agents 
tested 
Receptor 
subtype(s) 
involved 
Functional outcome(s) References 
Spinal nerve 
ligation Rat 
MRS2578 (P2Y6 antagonist) 
NF340 (P2Y11 antagonist) 
 
 
 
MRS2500 (P2Y1 antagonist) 
 
 
 
MRS5698 (A3 agonist) 
P2Y6, 
P2Y11 
 
 
 
P2Y1 
 
 
 
A3 
Inhibition of tactile 
allodynia 
Barragán-
Iglesias et al., 
2014 
 
 
Barragán-
Iglesias et al., 
2016 
 
Little et al., 
2015 
Sciatic nerve 
ligation Rat 
Ulinastatin (serine protease 
inhibitor) P2Y2 
Inhibition of mechanical 
allodynia and thermal 
hyperalgesia with 
downregulation of P2Y2 
receptors 
Shi et al., 
2017 
Chronic 
constriction 
injury of the 
sciatic nerve 
 
 
 
 
Rat 
 
 
 
 
 
 
 
 
Mouse 
MRS2500 (P2Y1 antagonist) 
 
 
 
 
MRS2578 (P2Y6 antagonist) 
 
 
 
AM1241 (CB2 antagonist) 
 
 
 
ABT-702 (adenosine kinase 
inhibitor) 
 
MRS5698 (A3 agonist) 
P2Y1 
 
 
 
 
P2Y6 
 
 
 
P2Y12, 
P2Y13 
 
 
 
A3 
Inhibition of tactile 
allodynia 
 
 
Inhibition of mechanical 
allodynia and thermal 
hyperalgesia 
 
 
Inhibition of thermal 
hyperalgesia with 
downregulation of 
purinergic receptors 
 
Inhibition of mechanical 
allodynia 
Barragán-
Iglesias et al., 
2016 
 
 
Huang et al., 
2018 
 
 
Niu et al., 
2017 
 
 
 
Little et al., 
2015 
Spared nerve 
injury 
Rat 
 
 
Mouse 
MRS2500 (P2Y1 antagonist) 
 
 
MRS2578 (P2Y6 antagonist) 
P2Y1 
 
 
P2Y6 
Inhibition of tactile 
allodynia 
 
No effect on neuropathic 
pain behavior 
Barragán-
Iglesias et al., 
2016 
 
Syhr et al., 
2014 
Lingual nerve 
crush Rat 
MRS2395 (P2Y12 
antagonist) P2Y12 
Attenuation of tongue 
hypersensitivity to 
mechanical and heat 
stimulation 
Sugawara et 
al., 2017 
Diabetic 
peripheral 
neuropathy 
 
 
Rat 
 
 
 
 
 
Mouse 
Nanoparticle-encapsulated 
curcumin 
 
P2Y12 short hairpin RNA 
(shRNA) 
 
MRS2211 (P2Y13 
antagonist) 
 
IB-MECA (A3 agonist) 
P2Y12 
 
 
P2Y12 
 
 
 
P2Y13 
 
 
A3 
Inhibition of mechanical 
and thermal hyperalgesia 
 
Inhibition of mechanical 
and thermal hyperalgesia 
 
Inhibition of mechanical 
allodynia 
 
Inhibition of mechanical 
and thermal hyperalgesia 
Jia et al., 2018 
 
 
Wang et al., 
2018 
 
 
Zhou et al., 
2018 
 
Yan et al., 
2016 
HIV gp120-
induced Rat 
P2Y12 short hairpin RNA 
(shRNA) P2Y12 
Inhibition of mechanical 
and thermal hyperalgesia 
Shi et al., 
2018 
Yi et al., 2018 
neuropathic 
pain 
Small-fiber 
neuropathy 
(resinifera-
toxin)  
Mouse Prostatic Acid Phosphatase (PAP) 
Adenosine 
receptors 
(A1) 
Reduction of mechanical 
allodynia 
Kan et al., 
2018 
Spinal 
neuropathic 
avulsion pain 
(SNAP) 
Rat CGS21680, ATL313 (A2A agonists) A2A 
Reduction of mechanical 
allodynia 
Kwilasz et al., 
2018 
Chemotherapy
-induced 
neuropathic 
pain 
Rat 
ABT-702 (adenosine kinase 
inhibitor) 
MRS5698 (A3 agonist) 
A3 Inhibition of mechanical allodynia and hyperalgesia 
Little et al., 
2015 
Wahlman et 
al., 2018 
 
Table 1. Recent in vivo preclinical studies evaluating the role of adenosine and P2Y receptors in 
neuropathic pain 
 
Experimental 
model Species 
Pharmacological 
agents tested 
Receptor 
subtype(s) 
involved 
Functional outcome(s) References 
Injection of 
Complete Freund’s 
Adjuvant (CFA) – 
hind paw  
Mouse Cangrelor, PSB-0739 (P2Y12 antagonists) P2Y12 
Inhibition of the local 
inflammatory response, of 
CFA-induced hyperalgesia 
and of chronic 
inflammation (involvement 
of platelet P2Y12 receptors) 
Bekő et al., 
2017 
Injection of 
Complete Freund’s 
Adjuvant (CFA) – 
temporomandibular 
joint 
Rat ARC118925 (P2Y2 antagonist) P2Y2 
Inhibition of orofacial 
mechanical allodynia 
Magni et al., 
2015 
Formalin injection 
– hind paw Rat 
MRS2500 (P2Y1 
antagonist) 
MRS2578 (P2Y6 
antagonist) 
NF340 (P2Y11 
antagonist) 
P2Y1, 
P2Y6, 
P2Y11 
Inhibition of the flinching 
behavior 
Barragán-
Iglesias et al., 
2015 
Closed cranial 
window model Rat 
Various JNJ 
compounds (A2A 
antagonists with 
different receptor 
selectivity) 
A2A 
Inhibition of CGRP- or 
CGS21680-induced 
meningeal vasodilation 
Haanes et al., 
2018 
 
Table 2. Recent in vivo preclinical studies evaluating the role of adenosine and P2Y receptors 
in inflammatory pain and migraine  
 
Experimental 
model Species 
Pharmacological agents 
tested 
Receptor 
subtype(s) 
involved 
Functional outcome(s) References 
Intracolonic 
administration 
of acetic acid  
Rat 
MRS2179 (P2Y1 antagonists) 
 
Aminophylline (A2A, A2B 
antagonists) 
MRS2174, PSB1115 (A2B 
antagonists) 
P2Y1 
 
A2B 
(partially 
A2A) 
Reduction of abdominal 
sensitivity (abdominal 
withdrawal reflex and 
electromyography) 
Wu et al., 2017 
 
 
Asano et al., 
2017 
Intraperitoneal 
injection of 
acetic acid 
Mouse Several inverse agonists (A2A receptor) A2A 
Significant reduction of 
writhing behavior 
Varano et al., 
2016 
Colonic 
distension by 
colorectal 
balloon 
Rat CPA (A1 agonist) 
A1 
(centrally 
expressed) 
Reduction of the 
abdominal withdrawal 
reflex 
Okumura et al., 
2016 
 
Table 3. Recent in vivo preclinical studies evaluating the role of adenosine and P2Y receptors in visceral 
pain 
 




